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Ecological Effects of Pest Resistance Genes in Managed Ecosystems
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BACKGROUND BIOLOGY

Poplars consist of all species of the genus
Populus, including cottonwoods, aspens, and the
many interspecies hybrids in common use
(Dickmann and Stuart 1983). Our working group
focused on the fungal pathogens, arthropod
herbivores, and weed competitors of Populus in
the United States. However, bacterial and viral
diseases of Populus are significant in Europe,
and genetic engineering approaches toward their
control or management are being studied. The
key aspects of poplar biology important to
understanding the use of pest resistance genes are
described below.
Mating Biology
Poplars are almost exclusively dioecious
(separate male and female trees), and thus are
obligately outcrossing. In addition, their large
size when reproductively active (beginning at 415 years of age) and potential for wide
distribution of both pollen and seeds enable long
distance gene dispersal. Pollen is wind dispersed,
and seeds are embedded in a matrix of cottonlike fibers that provides flotation, enabling them
to be carried long distances via wind and water.
Seed Ecology
Poplar seeds are small and rapidly lose viability.
They must find sites with abundant water and
sunlight shortly after dispersal or they will not
survive. Therefore, poplars do not produce seed

banks. In addition, competition from herbaceous
weeds soon after germination precludes or
greatly reduces survival. For aspens on upland or
northern-temperate to boreal sites, successful
seedling establishment usually requires fire or a
comparable intensive disturbance that exposes
mineral soil and reduces competition.
Cottonwoods in arid zones usually require
riparian areas with newly deposited alluvial soils
and little competition from herbaceous
vegetation. In mesic areas, cottonwoods require
exposed mineral soil with high moisture and
light, and little competition. Because of their
high intolerance of shade, poplars do not invade
forest or herbaceous stands with a closed canopy.
Vegetative Regeneration
Because of the stringent conditions for
reproduction by seed, vegetative reproduction is
often more common than sexual reproduction for
local dispersion. All poplars tend to sprout
vigorously from stumps after trees are cut or fall
from natural causes. Thus, genotypes can persist
on sites for long time periods beyond the
longevity of single trees (which itself is
approximately 50-300 years). The aspens
(section Populus) are particularly vigorous root
sprouters even in the absence of disturbance,
enabling clones to spread widely over the course
of many years (Mitton and Grant 1996). In
addition, other tissues can serve as effective
vegetative propagules. Boles, branches, and
short-shoots of cottonwoods can break off and

1
Group Report from the “Workshop on Ecological Effects of Pest Resistance Genes in Managed Ecosystems,” in Bethesda, MD,
January 31 – February 3, 1999. Sponsored by Information Systems for Biotechnology.

105

Ecological Effects of Pest Resistance Genes in Managed Ecosystems

float down streams and establish new trees. The
extent of vegetative vs. sexual reproduction
varies
widely
depending
on
species,
environment, and disturbance history.
Breeding and Plantations
Poplar plantations are predominantly established
as clonal blocks using unrooted cuttings or other
vegetative propagules. In the northern and
western United States, first generation
interspecific hybrids of wild cottonwoods are
cloned in this manner. In the southern United
States, selected clones of natural P. deltoides are
predominantly planted. Thus, cottonwoods are
domesticated only to a very small extent with all
plantations being only one to two generations
removed from wild trees. They can therefore
readily cross with the wild populations that
commonly grow near poplar plantations. Because
of the limited size of plantations compared to
wild stands in most areas, plantation-derived
propagules are usually greatly diluted with
propagules from wild stands, including those
located a short distance from plantations (S.
DiFazio, unpubl. data). Hybrid breakdown and
maladaptation are expected to limit the ability of
hybrid progeny to invade established areas of
wild poplar stands. However, when wild stands
are small compared to hybrid plantations,
introgression may be observed after long periods
of time, as has been detected at low levels among
wild stands of P. nigra in Europe (e.g., Heinze
1997; Arens et al. 1998; Winfield et al. 1998).
Amenability to Biotechnology
The amenability of poplars to transformation via
Agrobacterium (Han et al. 1996) and the
possibility of map-based cloning because of their
small genomes (Bradshaw 1996) make genetic
engineering for pest resistance and other traits
feasible. A large number of genome markers and
marker technologies are available for genome
analysis. Transgenic elite clones require limited
field testing and can be rapidly deployed without
further breeding to stabilize transgenic traits.
Concept of “Genetic Inertia”
There is likely to be strong resistance of wild
poplar stands to significant introgression from
plantations due to the combination of poplar
traits discussed above—delayed flowering, tree
longevity, vegetative persistence, extensive wild
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stands, dilution of plantation-derived propagules
by those from wild stands, stringent habitat
requirements, and inability to establish under
existing vegetation. Thus, except when a gene is
employed that has a dramatic impact on tree
fitness in the wild (none of which are known or
appear on the horizon—see below), the impacts
of pest resistance genes are expected to be
localized and slight for many decades. In the
future, however, if transgenic trees become
prominent in the landscape compared to wild
stands and large areas become suitable for
regeneration through natural or human causes
(e.g., large scale conversion of agricultural fields
to forests), then genetic impacts could be more
substantial and rapid. However, under near-term
conditions, risk assessment and ecologically
based analyses can focus on the consequences of
new stands established very close to plantations
and on the effects of numerically rare longdistance gene flow. This situation is radically
different from that of crops with significant
agricultural weeds as relatives, whose
populations undergo rapid annual turnover and
are subject to strong selection pressures from
anthropogenic causes (e.g., herbicides). The
extended time frame required for large-scale
ecological impact makes risk assessment
problematic because other major variables,
particularly changes in genetic technology,
human land-use, pest evolution, alterations to
riparian systems (e.g., flood control), invasion of
exotic organisms, and climate change, are
expected to have far larger and overriding effects
compared to those of transgenes.
PATHOGEN RESISTANCE GENES

Disease is believed to be the most important
factor limiting adoption and productivity of
poplar plantations (Royle and Ostry 1995).
Poplars are susceptible to many pathogens
(Newcombe 1996), and intensive culture has
triggered changes in pathogen populations.
Changes in North America have included the
introduction of Eurasian pathogens (Newcombe
1996), the movement of regional pathogens
within North America (Newcombe 1998b;
Newcombe and Callan 1997), and hybridization
between exotic and native species of the leaf rust
pathogen Melampsora (Newcombe, unpubl.
data). Leaf rust is the most important disease of

Ecological Effects of Pest Resistance Genes in Managed Ecosystems

Populus worldwide. Host resistance has been the
only widespread and economical control method
for which both pathotype-specific and nonspecific types of resistance are known
(Newcombe 1996). Exotic species of Populus
frequently are resistant to native pathogens
(Newcombe 1998a), and resistance is often
simply inherited in F1 interspecific hybrids.
Genome analysis methods have allowed mapping
of the genes for resistance to races E1, E2, and
E3 of Melampsora larici-populina (Cervera et al.
1996) and the Mmd1 gene for resistance to
Melampsora medusae (Newcombe et al. 1996).
The Mmd1 gene is expected to be physically
isolated and transformed into a susceptible
genotype in the near future, demonstrating the
feasibility of genetically engineering disease
resistance using native genes.
Attempts
to
increase
resistance
using
heterologous genes have so far given poor
results, but work has been limited (e.g., Strauss
et al. 1988). The prospect of a heterologous
resistance gene having broad and durable
effectiveness against major pathogens, without
negative pleiotropic effects on fitness, appears
remote using current and foreseeable technology.
These transgenes therefore do not appear to have
the potential to significantly impact poplars in
wild systems via introgression of transgenes.
Moreover, transgenes that might give a useful
degree of resistance in a well-tended genetic
monoculture such as a clonal plantation are
unlikely to be comparably important to pathogen
resistance in genetically and environmentally
diverse wild populations. Simple alterations in
expression of native poplar or pathogen genes,
such as by inducing constitutive overexpression
or cosuppression, were also considered unlikely
to be of significant ecological consequence. The
transfer of unmodified resistance genes between
Populus species is commonplace in conventional
poplar breeding and should bring about similar
risks if accomplished via gene isolation and
genetic transformation. This should apply
equally to leaf rust (Newcombe 1996) and other
diseases of Populus.
INSECT RESISTANCE GENES

Insect damage is a major limitation to plantation
viability and productivity in many regions (Ostry

et al. 1988). Currently, the primary control
method uses pesticides rather than resistant
genotypes. Genetically based resistance is known
but is often either incomplete or would require
major alterations of breeding programs to
accommodate, such as the use of different
species as hybrid parents, with a consequent
reduction in genetic improvement of other traits.
The cottonwood leaf beetle (CLB) is the major
pest of poplars in the United States and is
believed to be largely restricted to poplars and
other species in the same family (Salicaceae).
The cry3a toxin from Bt (Bacillus thuringiensis)
is highly toxic to CLB when applied topically or
expressed in transgenic poplars (Strauss et al.
1998).
Other chrysomelid leaf beetles are also locally
important.
Lepidopteran
defoliators
are
episodically significant, many have broad host
ranges (e.g., gypsy moth and forest tent
caterpillar), and most are sensitive to Cry1A Bt
toxins (e.g., Kleiner et al. 1995). Wood borers of
several taxa can be important pests in specific
areas; because they are hard to reach with topical
pesticides, the use of transgenes could be an
important control option. Insect damage in wild
stands is sporadic in space and time though
rarely results in genotypic mortality because of
poplar’s resprouting capability. Thus, invasion of
established stands by progeny of insect resistant
transgenic trees is expected to be very slow.
Field trials of transgenic poplars with beetle- and
caterpillar-active Bt transgenes are underway in
several areas (e.g., Ellis and Raffa 1997;
Yingchuan et al. 1993; Strauss et al. 1998), most
notably China, France, and the northwestern
United States. Other than Bt, work with
alternative insect resistance transgenes has been
limited. Proteinase inhibitors expressed in
poplars have given either modest levels of
resistance or none at all (e.g., Leplé et al. 1995;
Confalonieri et al. 1988) and thus do not appear
to be under consideration for commercial use.
Genes with different modes of action, but as
effective as Bt against poplar pests, are unknown.
The most important consideration when using Bt
transgenes is the significant potential for
development of Bt-resistant insect biotypes if the
extensive transgenic poplar plantations are
established without accompanying resistance
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management considerations (Raffa et al. 1997).
High levels of CLB resistance have readily been
bred in laboratory colonies under Cry3A
selection (L. Bauer, pers. comm.). For most
poplar plantations, wild stands are expected to
provide large refugia that can slow resistance
development and may obviate the need for
planted refugia. However, the role of natural
stands in the dispersal and mating behavior of
target pests in areas where transgenic trees are
being deployed should be studied. The working
group considered that the potential for resistant
biotype development from plantation use was a
far greater concern than the risk of Bt transgenes
providing a significant fitness advantage in wild
trees after introgression. Sterility or other
strategies for stringent gene containment were
therefore not viewed as essential for use of pest
resistance transgenes.
HERBICIDE RESISTANCE GENES

systems that must rely on one or few herbicides
for control. HR trees also may complicate
plantation management in significant ways, such
as making the “volunteers” from seed produced
in flowering stands more difficult to control in
regenerating stands and requiring use of other
chemicals for killing resprouts from stumps after
harvest.
LIMITS TO EXTRAPOLATION FROM SMALL
TO LARGE SCALE TRIALS

Poplars and other trees present substantial
difficulties for extrapolating from small trials to
large-scale effects for several reasons:
♦ The scale of potential impact of transgenic
poplars is large because of their extensive
dispersal of pollen and seed.
♦ Nearly all pre-commercial field trials do not
permit trees to flower to avoid
environmental release of transgenes,
limiting opportunities for study of
transgene movement and impact on a small
scale.
♦ Because of the large size of trees and the
need to study their growth over several
years, tests using trees are costly in space
and time. As a result, most trials are smaller
than is optimal for obtaining information
relevant to commercial use and for
assessing ecological impacts; trials are of
shorter duration than commercial releases.
♦ Significant impacts due to gene escape can
accrue in poplars and other forest trees over
multiple generations (“genetic inertia,” see
above). Therefore, risk assessments are
required that span decades to hundreds of
years and use complex predictive models,
which are necessarily speculative and
imprecise.

High levels of weed control for the first one to
three years are essential for obtaining high rates
of survival and tree growth in poplar plantations
(Tuskan 1998). Plantation managers in many
parts of the US believe that herbicide resistance
(HR),
particularly
to
glyphosate,
can
significantly reduce weed management costs and
increase tree growth by providing more effective
weed control and increasing moisture availability
to trees (W. Schuette and J. Finley, pers. comm.).
Because of the common use of poplars as
windbreaks between agricultural fields and the
future likelihood of their increased use for
biofiltration plantings near streams in agricultural
areas, HR poplars resistant to spray drift may be
important components of agroecosystems
dominated by glyphosate tolerant crops.
Transgenic poplars with high levels of field
resistance to glyphosate and phosphinothricin
herbicides have been demonstrated in field trials
(e.g., Strauss et al. 1998).

RESEARCH NEEDED

If transgenes are allowed to spread via seed,
sprouting of HR poplars could complicate their
control (Strauss et al. 1997). In some systems,
poplars are considered “mild” weeds; examples
include perennial crops (e.g., conifers), rights of
way, and drainage ditches. Spread of HR trees
would remove certain herbicides as control
options, which could be an important loss in

The working group identified seven research
areas important to regulators and needed to
improve overall scientific risk assessment (see
Table 1). None of the knowledge gaps were
considered so large that they should preclude
commercial uses (i.e., none of the areas were
rated as “urgent” under the regulatory decisions
category in the Table), however, this conclusion

108

Ecological Effects of Pest Resistance Genes in Managed Ecosystems

presumes that reasonable research
monitoring
are
done
as
part
commercialization.

and
of

The most important research area identified was
the continued acquisition of highly effective pest
resistance genes. The transgenes presently
available either do not provide sufficiently strong
resistance to disease or, in the case of insect
resistance, may not provide the functional
diversity needed to adequately deter evolution of
resistant pest biotypes. Use of multiple
transgenes with different mechanisms for toxicity
is highly desirable. Although engineered sterility
systems (Strauss et al. 1995) are not considered
essential to prevent ecological impacts, the group
recognized that such systems would simplify
scientific and regulatory assessments and avoid
some important agronomic factors that would
impact plantation management. Therefore,
research on sterility mechanisms was considered
as important as obtaining new resistance genes.
Intermediate priority was given to learning more
about the following: reproductive biology,
particularly rates of gene flow through pollen,
seed, and vegetative spread; the degree of hybrid
fertility; and factors limiting the spread of
hybrid-derived genes into wild populations. The
group felt that too little is known about the
impacts of herbivores and diseases in wild
populations, the nature and genetic variation of
resistance mechanisms, and the way in which

changes in resistance genetics might directly and
indirectly affect species interactions and
ecosystem processes. Interdisciplinary, long-term
studies are required for advances in knowledge in
these areas.
The group also concluded that too little
socioeconomic and environmental impact data
are available to assess the value of pest resistance
transgenes on a broad basis. Studies are needed
to identify the kinds of land uses and landowners
that might be economically impacted by the
spread of pest or herbicide resistant transgenes
and quantify the extent of that impact. This
information is also important for assessing the
need for sterility systems. Finally, information is
needed on the broader impacts of transgenic
poplars to help society and government assess
their
socioeconomic
and
environmental
importance. For example, what degree of
economic and environmental values are expected
in the medium term on farm, landscape, and
regional levels for trees with multiple functional
transgenes (e.g., herbicide resistance, insect
resistance, sterility, and disease resistance)? If
these transgenic technologies are used wisely, the
economies they provide farmers and industries
may significantly increase the representation of
poplars in agroecosystems in place of annual
crops, with multiple environmental benefits. This
economic aspect needs to be understood on a
regional and national level to guide research,
policy, and regulatory decisions.

Table 1. Priority research concerning pest resistance genes in poplars needed to inform scientific analysis
and regulatory decision making.
Research Area

1

Regulatory1
Decisions

Scientific
Needs

1.

Isolation of additional kinds of insect and disease resistance genes

2

1

2.

Gene containment methods (engineered tree sterility) and analysis of their importance

2

1

3.

Information to support resistance management (e.g., insect dispersal, refugia design)

2

2

4.

Poplar reproductive biology, seed and pollen dispersal, hybrid fertility

2

2

5.

Ecology of natural resistance mechanisms in relation to species interactions and
ecosystem function in the wild

3

2

6.

Evaluation of legal/social/economic impacts of transgene spread

3

2

7.

Analysis of the contributions of transgenic poplars to economic and environmental
sustainability

3

2

Rating system: 1 = urgent, 2 = important, 3 = desirable
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GENERAL HYPOTHESES TO GUIDE
ECOLOGICAL ASSESSMENTS

The group considered several broad hypotheses
frequently encountered when considering the
risks of transgenic poplars and other plants. For
each hypothesis we accepted, refuted, or
qualified the stated hypotheses.
1. Introduction of pest or herbicide resistance
genes into poplars presents significantly
greater ecological risks than traditionally
bred pest resistance or other common pest
control practices.
REFUTED. The risks are not zero, but are
similar in kind and degree to those
routinely encountered
in plantation
management using insect and disease
resistant varieties, and topical herbicides
and pesticides.
2. Pest resistant or herbicide resistant
plantations are likely to cause significant
ecological problems due to spread of their
offspring.
REFUTED. The main risks of these
plantations are not primarily ecological but
agronomic. Fertile herbicide resistant trees
will produce progeny for which the target
herbicide is no longer useful in managed
systems; the insect or disease resistant trees
may accelerate the emergence of pests
resistant to the transgenic control
mechanism, requiring new clones in
plantations. Ecological impacts on wild
populations via spread of pest resistance
genes in progeny of transgenic trees are
expected to be limited by comparison.
3. Genetically engineered sterility is essential
for reducing the ecological risks of pest or
herbicide resistant poplars.
REFUTED. Sterility is an important genetic
engineering goal because it will simplify
ecological and regulatory assessments,
however, because of “genetic inertia” and
other factors discussed above, the
transgenes currently being considered for
commercial use are not expected to have
important ecological impacts on wild
stands.

110

4. Vegetative propagation and vegetative
persistence of poplars present significant
concerns for the use of pest or herbicide
resistant transgenic poplars.
QUALIFIED. The pattern of dispersal will
be highly constrained and slowed in the
absence of sexual reproduction, but some
spread of riparian transgenic cottonwoods
is expected and will be hard to track. Even
if numerically limited, transgenics that
become established will be hard to
eliminate due to vegetative persistence.
5. The environmental benefits provided by
herbicide or pest resistant poplars are
likely to be overshadowed by their adverse
ecological impacts.
QUALIFIED.
Positive
environmental
benefits within plantations are expected
from use of transgenes (e.g., reduced use of
undesirable pesticides or herbicides),
however, transgene dispersal into wild
stands creates the possibility of undesirable,
even if limited, environmental effects.
Engineered
sterility,
by
containing
transgene impacts, would minimize these
concerns.
6. The scientific need for large-scale studies
of pest resistance management factors and
the large costs of these tests require study
as part of commercialization.
ACCEPTED. The large scale studies
required for pest resistance development
make the inferences from lab models
tenuous. The resources needed to conduct
large studies are beyond the means of most
researchers, so working closely with
industry during early stages of commercial
use is likely to be the best means for
assessing the effectiveness of resistance
management strategies.
7. Exotic species and their associated risks
are good models for evaluating release of
transgenic organisms.
REFUTED. In contrast to transgenic
organisms, which differ in one or a few
highly defined traits, exotic organisms
represent new co-adapted gene complexes
with new modes of development and thus
have the potential to occupy new ecological
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niches. They are effectively “superresistant” to pests because they are often
introduced without most of the diseases and
herbivores present in their native range.
Transgenic organisms are relatively precise
and limited in their phenotypic changes and
thus highly predictable by comparison.
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